A triblock copolymer of benzyl methacrylate and oligo(ethylene glycol) methyl ether methacrylate was polymerized to form the general structure PBnMA-POEGMA-PBnMA, using atom transfer radical polymerization (ATRP). The block copolymer (BCP) was blended with lithium bis(trifluoro methylsulfonate) (LiTFSI) to form solid polymer electrolytes (SPEs). AC impedance spectroscopy was used to study the ionic conductivity of the SPE series in the temperature interval 30°C to 90°C. Small-angle X-ray scattering (SAXS) was used to study the morphology of the electrolytes in the temperature interval 30°C to 150°C. By using benzyl methacrylate as a mechanical block it was possible to tune the microphase separation by the addition of LiTFSI, as proven by SAXS. By doing so the ionic conductivity increased to values higher than ones measured on a methyl methacrylate triblock copolymer-based electrolyte in the mixed state, which was investigated in an earlier paper by our group. A Li|SPE|LiFePO 4 half-cell was constructed and cycled at 60°C. The cell produced a discharge capacity of about 100 mAh g −1 of LiFePO 4 at C/10, and the half-cell cycled for more than 140 cycles.
Introduction
The electrolytes used today constitute a major threat to Li-battery safety [1] [2] [3] [4] . Replacing flammable and harmful liquid electrolytes with solid polymer electrolytes (SPEs) would drastically improve this situation. SPE materials are today well-known for energy storage applications, but still suffer from too low ionic conductivity for most commercial products. However, with an increase in operating temperature to 60°C-80°C, which is not an obstacle for electric vehicles, their ionic conductivity increases drastically [5] [6] [7] . Energy storage materials made from polymers are therefore certainly an interesting option for these applications and the SPE area can be foreseen to experience a renaissance during the coming decade(s) [8] [9] [10] .
Increasing the ionic conductivity and their lithium ion transport number of said SPEs would further boost their use, since the main challenge is to combine mechanical stability with ionic conductivity. The main conduction mechanism in SPEs is the ionic transport through the segmental motion of the polymer main chain, which in this context constitutes a paradox: a more flexible polymer can transport ions better, but then fails in terms of rigidity [11] . The popular use of low-T g polyethers, such as poly(ethylene oxide) (PEO), rely on the dissolution of lithium salt though the interaction of ether groups found in the main chain, and increasing the temperature increases the segmental motion and thus the ionic conductivity. One way to further increase the flexibility of the functional ether group, and simultaneously reduce the non-conductive crystalline domains, is to lace the ether groups outside the main chain as in a comb polymer [12] . Comb polymers hold the promise of higher ionic conduction since the mobility of the side chain is higher than for the polymer backbone. Here, the main chain could for example be a polyacrylate with oligoether side chains giving higher ionic conductivity due to increased flexibility [13, 14] . A problem faced by increasing the flexibility of the polymer is that the material becomes softer and thus loose its mechanical properties, which also holds true for comb polymers. One way to overcome this problem is to use a block copolymer (BCP) design approach, where the blocks separate into discrete phases such as a soft ionic conducting phase and a hard mechanically stable phase [15] [16] [17] .
BCP electrolytes constitute complex systems, comprising several variables in terms of polymer composition, salt concentration, and morphological organization. Yet, understanding phase behavior in BCPs with added salts, and how these phases behave over a wide temperature range, need to be understood in order to link ionic conductivity and mechanics requirements, since this is fundamental for the development of mechanically robust SPEs with good lithium ion conduction [18, 19] . Phase separation becomes an important issue for systems where salt addition has the possibility to induce phase separation. While many different BCP SPE systems have been evaluated throughout the years, the most studied system so far is the polystyrene-polyethylenoxide (PS-PEO) copolymers where ionic conductivity, mechanical properties and micro phase separation have been studied in depth [20] [21] [22] [23] .
One drawback with working with PEO is that it's SPEs are generally semi-crystalline below 60°C, which has a negative impact on the ionic conductivity [24] . One way to avoid this is to move the PEO functionality to a side-chain in the polymer, thus creating a comb copolymer. We have previously synthesized and studied two such comb copolymer systems in order to study the effect of random copolymerization compared to block copolymerization, where both the ionic conductivity and the miscibility of the blocks were studied [12, 25] . An interesting finding was that the BAB block copolymer, where B is methyl methacrylate and A oligo(ethylene glycol) methyl ether methacrylate, did not microphase separate. From an application point of view this is not desirable, since the hypothesis is that by separating hydrophobic and hydrophilic constituents on the same polymer chain, a local nano-scale ordering of these segments with different polarity can be realized, promoting both ionic conductivity and mechanical stability. This can, in turn, result in better power performance of the batteries.
To better understand the microphase separation in SPEs and their electrochemical and battery performance, we have here synthesized a new type of BAB triblock copolymer based on benzyl methacrylate and oligo(ethylene glycol) methyl ether methacrylate, PBnMA-POEGMAPBnMA, see Fig. 1 . The electrolytes were prepared with bis(trifluoro methylsulfonate) (LiTFSI) to form SPEs. The best performing electrolyte was evaluated with SAXS and TEM to study the morphology, and a battery device was constructed to evaluate the electrochemical performance. 
Experimental section

Initiator synthesis
The synthesis of the di-functional initiator was adapted from literature [28, 29] . 18.6 mL (82.5 mmol) α-bromoisobutyryl bromide was added to 2 mL (35.6 mmol) ethylene glycol and 11.5 mL (82.5 mmol) of tri-ethyl amine in 100 mL dry THF using a dropping funnel under argon atmosphere. The reaction was cooled in an ice bath. The reaction was left overnight before the salt was filtered off with a Buchner funnel. THF was evaporated and the solid dissolved in DCM (100 mL) and washed three times with saturated NaHCO 3 (100 mL). The organic phase was dried with MgSO 4 , filtered and evaporated to give a white solid. The product was recrystallized from ethanol and dried in a vacuum oven to give the desired product 2-(2-bromoisobutyryloxy)ethyl methacrylate as white needles, hereafter denoted di-EBiB. 
Synthesis POEGMA macroinitiator
The OEGMA monomer was passed through a column of basic Al 2 O 3 in order to remove the radical inhibitor. The monomer (OEGMA, 31.63 mL, 63.3 mol), solvent (ethanol, 30 mL), initiator (di-EBiB, 123 mg, 0.44 mmol), CuBr 2 (9.2 mg, 0.0041 mmol), and ligand (bpy, 213 mg, 1.36 mmol) were added to a 100 mL Schlenk flask. The flask was sealed with a silicone septum, degassed, backfilled three times with N 2 , and then left under N 2 . CuBr (98 mg, 0.68 mmol) was then added, and the Schlenk flask was placed in an oil bath at 60°C for 2 h. The system was quenched with acetone, filtered through basic Al 2 O 3 , and precipitated twice in 300 mL of a 1:1 mixture of diethyl ether and cyclohexane. The solvents were removed using rotary evaporation and the final product was dried in a vacuum oven. The typical yield is circa 30 wt% (POEGMA: M n , GPC = 31,085 g mol
, PDI = 1.13).
Polymer synthesis triblock copolymer
BnMA was passed through a column with 10 mL basic Al 2 O 3 to remove the radical inhibitor. The monomer (BnMA, 4.94 mL, 46.2 mmol), solvent (ethanol, 6 mL), macroinitiator (POEGMA, 1.54 g), CuBr 2 (3 mg, 22.3 μmol), and PMDETA (29 mg, 0.19 mmol) were added to a 50 mL Schlenk flask and three freeze-pump-thaw cycles were performed with N 2 . CuBr (36.8 mg, 0.37 mmol) was added before the flask was sealed with a silicone stopper and placed in an oil bath at 60°C for 20 min. The reaction was then quenched with acetone, filtered through 20 mL of basic Al 2 O 3 , and precipitated in 300 mL of a 1:1 mixture of diethyl ether and cyclohexane. The solvents were removed using rotary evaporation and the final product was dried in a vacuum oven. (PBnMA-POEGMAPBnMA: M n , GPC = 52,810 g mol
, PDI = 1.22). 
GPC
An Agilent 1260 Infinity GPC was used to measure the molecular weight and PDI. The GPC was fitted with PolyPore columns and an RI detector. The mobile phase was DMF with 50 mM LiBr (1 mL min −1 ) operated at 80°C. PMMA standards were used to calibrate the system.
Polymer electrolyte preparation
The polymers were mixed with dry THF and LiTFSI (ca 0.15 g of polymer and 2 mL THF with the corresponding amount of LiTFSI). The samples were stirred overnight in an argon-filled glove box. The films were cast in Teflon molds, and the solvent was removed via controlled evaporation in a Büchi oven. The pressure was reduced to full vacuum over 20 h before heating at 60°C at full vacuum for 40 h. The resulting films were 20 mm in diameter and ca 0.2 mm in thickness.
DSC
A TA Instruments DSC Q2000 was used. The samples were hermetically sealed in aluminum pans in a N 2 glove box. The samples were ramped down to −90°C, heated to 150°C and then ramped down to −90°C a second time before finally being ramped to 150°C, with the speed 10°C min −1 under a flow of N 2 . The glass transition temperatures were obtained from the second heating scan.
SAXS
Small Angle X-ray Scattering (SAXS) data were collected on the BL11-NCD beamline at ALBA (Barcelona, Spain). The X-ray wavelength used was 0.99 Å, with a sample-to-detector distance of 2.9 m for the SAXS. In the present paper, the scattering curves are plotted as a function of the scattering vector q defined as q = 4π/λ.sin(θ/2), with θ being the scattering angle. Standard data corrections were applied including background subtraction. The samples were prepared as described in the casting step and analyzed wrapped in aluminum foil.
TEM
A JEOL JEM1400Plus transmission electron microscopy equipped with a Ruby camera operating at 100 kV was used to study the electrolyte films. The samples were attached to a silver pin and cooled in liquid nitrogen. Sections (80-100 nm) were prepared at −40°C and − 80°C using an ultramicrotome Leica EMFC7 and collected on a formvar/carbon coated copper grid. The film sections were stained with 1 wt% solution of uranyl acetate in water for 10 min.
AC impedance
The films were placed between two stainless steel electrodes and sealed in a Swagelok cell. Film preparation and cell assembly were performed in an argon glove box. The films were annealed at 90°C for 1 h in order to achieve good contact between the sample and the stainless-steel electrodes. Impedance spectroscopy was measured with a SI 1260 Impedance Gain-Phase Analyzer (Schlumberger) at a frequency range of 1 Hz to 10 MHz with the amplitude set to 10 mV. The resistance was received with ZWiev using a modified Randles' circuit.
Cyclic voltammetry
Cyclic voltammetry analysis was carried out on a VMP2 (Bio-Logic). The cells were prepared with a 20 mm disc of polymer electrolyte sandwiched between a 14 mm lithium disc and a 18 mm stainless-steel disc. The stack was sealed in a pouch bag with aluminum and copper current collectors. All work was carried out in an argon filled glove box. The cell was cycled at 60°C and at 1 mV s −1 .
Battery assembly
LiFePO 4 electrodes were prepared with a mixture of 75 wt% active material, 10 wt% carbon black and 15 wt% PVdF on aluminum foil. The slurry was prepared with NMP as solvent. The electrodes were dried at 120°C for 12 h before cell preparation. The electrolytes (about 100 mg polymer) were casted on the cathodes and vacuum dried for 20 h before heating at 60°C at full vacuum for 40 h, before assembled with lithium anodes and sealed in pouch cells with aluminum and copper current collectors. The cathodes were 14 mm in diameter, loaded with about 2.5 mg cm −2 of active material.
Battery cycling
Galvanostatic cycling was carried out on a Digatron MBT battery test system at 60°C between 2.7 and 4.2 V versus Li + /Li at C/10. The cell was annealed at the OCV at 60°C for 6 h before cycling started.
Results and discussion
Polymer synthesis
The block copolymer was synthesized with atom transfer radical polymerization (ATRP). A POEGMA macroinitiator was synthesized from a bifunctional initiator, ethylene bis(2-bromoisobutyrate), and oligo(ethylene glycol) methacrylate (OEGMA). In the second step, after purification and a drying step, benzyl methacrylate was used to produce the second block, see Fig. 1 . The polymerization time for the POEGMA macroinitiator was 2 h, and 20 min for the benzyl blocks. GPC analysis gave that the macroinitiator molecular weight, M n , was 31,085 g mol
with a PDI of 1.13, and that the final synthesis resulted in a BCP with a PDI value of 1.22 and a M n of 47,830 g mol −1 . The block composition was thus 35 wt% PBnMA. The formed BCP was rubbery and transparent.
DSC
All characterized samples in the article were prepared in same way: BCP, LiTFSI and THF were mixed and cast in Teflon molds, and the solvent was removed via controlled evaporation in a Büchi oven. The pressure was reduced to full vacuum over 20 h before heating at 60°C at full vacuum for 40 h. The resulting films were 20 mm in diameter and about 0.2 mm in thickness. The formed electrolytes were transparent, non-sticky and mechanically stable films that were easy to handle. Differential scanning calorimetry (DSC) analysis was run with the ramping sequence cooling/heating/cooling/heating in order to investigate both the electrolytes pre-history and the thermal history produced by the DSC measurements. The T g increased with the amount of LiTFSI, as expected, since the addition of LiTFSI slows down the local chain movements, resulting in a hardening of the electrolytes compared to the salt-free BCP. The salt-free BCP showed only one clear T g at about −40°C on both the first and second heating scans, see Fig. 2 and Table 1 . The PBnMA homopolymer has a T g of about 55°C and the POEGMA homopolymer about −59°C, see Table 1 . However, if the Flory-Fox is applied the T g of the blend should be about −29°C, which deviates from the DSC value of −40°C. Nevertheless, as no second T g could be found for the PBnMA block, this strongly indicates a lack of a full phase separation between the blocks, which also is confirmed by SAXS, see supporting information. With the addition of salt, however, a clear second T g appears, see Fig. 2 . The T g signal becomes more pronounced with the addition of salt, which indicates that the phase separation is triggered by the amount of added salt. On the second heating scan, these high temperature T g :s were smeared out and hardly detectable. Simultaneously, the lower T g increases for the three samples, suggesting a mixing of the blocks. This hysteresis points out the complexity of the microphase separation and that annealing time and temperature are crucial parameters to control.
Ionic conductivity
The ionic conductivity was evaluated with ac impedance spectroscopy, see Fig. 3 . The SPE conductivities were fitted to the VogelTammann-Fulcher (VTF) equation, which is applicable for most amorphous solid polymer electrolytes. The VTF relationship assumes that the ionic conductivity is coupled to the segmental motion of the polymer chains, and thus coupled to the T g of the electrolyte. The VTF equation is an empirical relationship:
where E σ is a pseudo-activation energy, k B is the Boltzmann constant, A σ is a constant proportional to the number of ion carrier, and T o is a reference temperature usually associated with the ideal glass transition temperature at which the configurational entropy becomes zero (usually said to be ca 50 K below T g ). As expected, the fitting shows that the SPEs exhibit VTF behavior, since the SPEs are amorphous modified PEO systems. DSC analysis shows that with the addition of LiTFSI the T g increases, as a result of slower local chain kinetics. This contradiction could be explained with that the addition of free charge carriers overweight the slower local chain kinetics contribution of the final ionic conductivity. It is interesting to notice that with only a slight increase from 10:1 to 8:1 in salt concentration the ionic conductivity increases significantly.
SAXS and TEM
Small-angle X-ray scattering (SAXS) was used to study the bulk morphology and the temperature dependency of the microphase separation. The salt-free BCP did not show any scattering pronounced scattering peaks, indicating that the BCP is in the mixed state (see Supporting information, SI-1). However, with the addition of salt scattering peaks were observed. Fig. 4 shows the scattering data for sample 8:1, 10:1 and 20:1, collected at 30°C before and after the temperature annealing at 150°C. Before annealing, the spectra show three broad scattering peaks, and after the annealing the scattering peaks become smeared out for sample 10:2 and 20:1, however, sample 8:1 becomes well defined. During heating all first order peaks q* are significantly shifted to smaller angles, sample 8:1 shifted from 0.160 to 0.146 nm , meaning that the q*-positions versus temperature is not fully reversible (as shown by DSC). On all the spectra three secondary order peaks are observed, and the peaks at 2q* and √7q* indicates a self-assembly into a hexagonal packing of cylinders, which is in agreement with the expected theoretical equilibrium morphology given by the triblock composition [26] . The cylinder-to-cylinder distance, calculated from d = (4*π)/(√3q*), for the 8:1 sample is 45.4 nm at 30°C before and 49.2 nm at 30°C after the cooling ramp, 48.0 nm and 53.7 nm for sample 10:1, and 46.5 nm and 51.1 nm for sample 20:1. In the temperature range explored no order to disorder temperature (T ODT ) was reached (see SI-2 to SI-4 in Supplementary information). The temperature annealing at 150°C thus allowed the Fig. 3 . Ionic conductivity as a function temperature, from ac impedance analysis. The dashed lines represent VTF fits. The ratios resemble the EO:Li + ratio.
structure to rearrange itself, releasing any kinetically hindered locking of the structure. Transmission electron microscopy (TEM) was performed on the electrolytes before the annealing step. The TEM images show mainly elongated objects, but with some isotropic objects, see right image in Fig. 5 , red circle. These observations can be interpreted as cylinders forming a limited hexagonal packing, which could support the broad peaks in the SAXS curves collected at 30°C before the annealing step.
Electrochemical performance
Cyclic voltammetry (CV) showed that the electrolyte display instabilities over several cycles between 5 to −0.5 V, with a cell configuration of lithium versus gold, see Fig. 6 . The CV showed that the 8:1 electrolyte display a rather unsteady current flow over the entire potential window, with a rather high current peak at about 1 to 2 V. It is clear that it is more than lithium stripping/plating happening (A in Fig. 6 ) during the CV scans because the onset of the first peak is above 0 V. It is also clear that the SPE is not electrochemically stable, since it starts reducing already below 2 V on the first cycle. The current flow at about 5 V is expected, since most electrolytes show instability at these high potentials (C in Fig. 6 ). However, Tominaga and co-workers have investigated ester-based electrolytes that show stability in this potential region due to high salt concentrations, which stabilizes the interface with the electrodes [30] . The most probable explanation to the shift in the lithium stripping and plating potential is that the ester functionality is redox active, which lies close to the Li-plating potential. There is a clear passivation seen in peak A since the current in the Li plating regime drops during cycling, indicating that the decomposition products formed during the repeated cycles is passivating the electrode. However, the main feature is the peak at about 2 V which grows significantly on cycling, while the peak at about 0 V shrinks during cycling. It is unclear what this current peaks is an outcome of, but the most probable explanation is that the SPE is degrading at the interfaces during cycling, generating a degradation product which also is redox active (B in Fig. 6 ), but also other type of side products (D in Fig. 6 ). That combbased methacrylate electrolytes show this type of electrochemical instability have been observed before, thus questioning the use of methacrylate based SPEs for lithium half-cell applications [27] . However, it is not clear weather this instability is an outcome of polymerization technique (end group functionality), block type (methyl methacrylate, polystyrene, etc.) or cell design (gold or stainless steel vs. lithium). Battery cycling were investigated in a Li|SPE|LiFePO 4 half-cell, using the 8:1 composition as electrolyte. The 8:1 electrolyte was solvent casted on the LiFePO 4 electrode in order to ensure a good contact between cathode and electrolyte. The half-cell was cycled at 60°C at C/ 10, see Fig. 7 . The practical capacity for LiFePO 4 is usually about 150 mAh g −1 (theoretical 170 mAh g −1
), but these values was not realized in these experiments. This, and the fact that the capacity faded constantly during cycling, could be explained by a high cycling overpotential in combination with parasitic side reactions triggered by the operating temperature of 60°C. This could be supported by the cyclic voltammetry experiment which showed that the electrolyte is affected by cycling over time. Despite showing a constant fade in capacity, the cell still managed to cycle about 140 cycles, proving the capability for the electrolyte in comparison to similar systems that utilized methyl Fig. 4 . SAXS scattering profiles for sample 8:1, 10:1 and 20:1 before (left) and after (right) annealing at 150°C. The scattering profiles are shifted vertically for the sake of clarity. q* represents the primary peak, pentagon represents 2q*, time-glass √7q* and triangle 4q*. methacrylate as the mechanical block, thus indicating that PBnMA is a better battery device material than methyl methacrylate [12, 25, 27] . The electrolyte did not form a smooth surface, but rather an uneven bubbly surface that may cause a bad contact with the lithium anode and thus be a limiting factor for utilizing the maximum capacity of the LiFePO 4 -based electrode.
Conclusion
A triblock copolymer electrolyte using benzyl methacrylate as mechanical block and oligo(ethylene glycol) methyl ether methacrylate as ionic conductive block was synthesized and evaluated as a SPE in a lithium half-cell battery device. Since microphase separated BCP electrolytes have the ability to combine both mechanical and electrochemical properties, they are of interest to study and evaluate both from a morphological and electrochemical point of view. The salt free PBnMA based BCP did not phase separate into clear domains, but with the addition of LiTFSI, a phase separation was triggered as demonstrated by SAXS and TEM. In the temperature range explored, 30°C to 150°C, no order to disorder temperature (T ODT ) was reached; the SAXS profiles showed secondary order peaks at √4q* and √7q*, indicating a self-assembly into a hexagonal packing of cylinders with a typical cylinder to cylinder distance of 45.4 to 53.7 nm. Since sample 8:1 showed the highest ionic conductivity and clear microphase separation, it was evaluated as an electrolyte in a Li|SPE|LiFePO 4 half-cell. The battery device did not perform a steady cycling behavior, and the specific capacity utilization was limited. Cyclic voltammetry indicates that the electrolyte is electrochemically unstable at 60°C, which could be a consequence of that the electrolyte is generating an interface that is thermodynamically and/or kinetically unstable with the lithium metal, thus forming a non-effectively passivating interphase. The limited electrochemical stability of methacrylate based SPEs have been reported earlier, but the battery cycling behavior seems to be increased when PBnMA rather than PMMA is used as mechanical block [12, 25, 27] . One way to improve the capacity utilization of LiFePO 4 and reducing parasitic side reactions, is to use the electrolyte as a binder [27] . By doing so, the battery cycling performance could be improved by reducing the mass transport limitations in the cathode which would lower the overall cell polarization and resistance. By doing so it should be possible to cycle the battery at lower temperatures, which would mitigate any parasitic side reactions. . Fig. 7 . Battery cycling of a Li|SPE|LiFePO 4 half-cell using the 8:1 electrolyte, operating at 60°C and at C/10.
